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PREFACE

The rapidly increasing use of composite structures in NATO acrospace has intensified interest in methods of strength,
and life analysis. At the same time the introduction of new tough resins has increased the static strength of composite joints
with iniplications for the corresponding strength in fatigue. A number of NATO nations have built up data bases and
developed methods for strength and life analysis; in order to take advantage of these resources the Structures and Materials
Pancl held a Specialists’ Meeting, in conjunction with the 64th Pancl Meeting, in Madrid, Spain on 27th—29th April 1987,
under the chairmanship of Professor Vittorio Giavotto, to provide a focus for methods of analysis and the identification of
rescarch needs, This volme contains the papers presented at this Specialists’ Meeting.

L’emploi de plus en plus fréquent de matériaux composites dans le cadre des activités aérospatiales de 'OTAN esta
lorigine d’un regain c'intérét dans les méthodes d’analyse de la résistance et de la durée de vie des composants. Parallément,
I'arrivée de nouvelles résines hautement résistantes a eu pour effet d’'augmenter la résistance statique des joints composites;
phénomeéne non sans importance pour la résistance en fatigue correspondante. Un certain nombre de pays meinbres de
POTAN ont constitué des bases de données et ont élaboré des méthodes pour I'analyse de la résistance et de la durée de vie
des composants. Souhaitant tirer profit de ces moyens, le Panel des Matériaux et Structures a organisé une réunion de
spécialistes a I'occasion du 64eme Réunion du Panel & Madrid en Espagne, le 27—29 avril 1987, présidée par le professeur
Vittorio Giavotto, afin d'orienter les methodes danalyse et de permettre l'identification des besoins en matiére de recherche.
Le présent volume présente des présentation faites lors de cette réunion de spécialistes.
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LITERATURE REVIEW ON THE DESIGN OF
MECHANICALLY FASTENED COMPOSITE JOINTS

by
C. Poon

Structures and Materials Laboratory
National Aerovautical Establishment
Naxional Research Council Canada
Ottawa, Ontario, K1A OR6

SUMMARY

This report presents a literature review of the state-of-te-art analytical and experimental methodologles adopted
in the aercspace industry for the design of mechanically fastened joints in composite structures. Results and conclusions
obtained from the published literature relating to the effects of critical parameters, which include composite material
system, fastener contiguration and joint geometry, on the mechanical behaviour and fallure modes of composite
mechanically fastened joints are discussed. Further research required to improve the design of composite mechanically
fastened joints is Identified as a result of this review.

1.0 INTRODUCTION

The purpose of this literature review is to assess the siate-of-the-art analytical and experimental methodologies
for the design of composite mechanically fastened joints. This review aims at providing a basis for identifying further
research in these areas,

Joints that require mechanical fasteners such as bolts, rivets or pins to conr- :t two or more parts in a structure
where the transter of loads Is provided by the fasteners are generically described as mechanically fastened joints. This is
in contrast to adhesively bonded joints where the connecting and load transfer medium is the adhesive layer.
Mechanically fastened joints are required in cases where the need for ¢ ent dis. bly is entailed.

Ly

One of the more challenging aspects of coinposite mechanically fastened joints is that the well-established design
procedures for metal joints, that are based on years of experience with Isotropic and homogeneous materials, have to be
changed in order to accomnmodate the anisotropic and nonhomogeneous properties of composite materials. Also,
advanced composites have practically none of the forgiving capabilities of metals which yield to redistribute loads and
thus reduce the sensitivity to local stress concentrations. The inherent mutrix weaknesses of composites, especially
organic inatrix composites, render the juints susceptible to interlaminar shear failures as a result of inatrix stresses,

Analytical procedures for the prediction of static strength and tatigue life of composite nechanically fastened
joints are presented in Section 2. The application of finite element and two-diimensional elasticity inethods in stress
analyses and the sdoption of failure criteria in static strength predictions are discussed. Current methods for fatigue
life prediction are also discussed.

Experiments investigating the effects of important parameters on the mechanical perforinance of conposite
mechanically fastened joints are presented in Section 3, Of principal interest in the results discussed are stress
concentrations at the fastener hole as a function of fastener configurations and material parameters, and the
relationship between failure modes and joint configuration, fastener pattern, lay-up, etc. The special topic of
environmental effects is not included in chis review.

Further research in Improving the design of composite mechanically fastened joint is discussed in the last section.
This includes the analytical effort required to improve the a:curacy and reliability of both static and fatigue strength
prediction methodologies as well as the experimental work required to provide a data base which is essential for the
application of advanced high strain/tough resin composites. Also, the development of failure models based on physical
damage phenomena is needed for the prediction of delamination and grogs bearing failure niodes.

2.0 ANALYTICAL METHODOLOGIES POR STRENGTH PREDICTIONS

A typical analytical procedure for the evaluation of the static strength of composite mechanically fastened joints
involves four basic steps: first, the load distribution in the vicinity of the fastener holes is determined by an overall
analysis of the structural component; second, the fastener load and the by-pass load at individual fastener holes are
determined; third, the detalled stress distribution in the vicinity of an individual fastener hole is evaluated based on the
fastener load and by-pass load; and fourth, the joint strength is assessed by applying appropriate material failure criteria,
These analytical steps for composite bolted joint strength evaluation are illustrate in Figure 1. Methodologies adopted
in each of the steps are discussed in the following sub-sections.

2.1 Overall Structural Analysis

An overall structural anatysis to determine the internal load distributions is performed, generally, by finite element
methods. Because of economic limitations, it is coinmon practice for a component finite element model to consider
overall geometric and material properties to deterinine stit{ness parameters and to exclude fastener tlexibility under the
assumption that the contributions of bolts and local joint structures to the overall structural deformation are quite small
(1). When the bolt flexibility is considered to have an effect un the overall response to ioads, the inclusion of fastener
effects in the general model is necessary for accurate analysis (2,3). In Reference 2, the finite element analysis of the
Space Shuttle payload bay doors clearly demnonstrated that the analysls of joint behaviour was required to be an integral
part of the overall structural analysis. Also Reference 3 shows that the flexibility of the fasteners was required in the
local root area of the overal! finite element model of the B-1 horizontal stabilizer. Baumann (¥) presented a method
incorporating the effects of fustener representation. He discussed various modelling techniques for the fastener effect
and demonstrated excellent correlation with test results by allowing the fustener (beam elements) end constraints to be
tlexible rather than rigidly fixed againat rotation.

b
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2.2 Analysis of Load Distribution at Fastener Hole

The overall structural analysis discussed in the previous sub-section can, in most cases, even t fasteners are
not modelled, provide an estimation ot loads acting on complex jeints. One dimensional analytical meth yds for redundant
structures (5‘ are commonly used to determine load carried by each row of fasteners in a complex joint. These
methods include analytical closed form procedures for simple lap-joint contigurations, and numerical ures capable
of handling more coinplex geometries and joints with multiple shear faces, Engineering idealizations employed in one
dimensi analysls are based upon gross mmnrtlom reger the plate tiexibility between successive fastener rows,
the bolt tlexibility dus to shear and bending effects, and the local tlexibility associated with the complex stress and
deflection pattern in the immediate vicinity of the hole (3,36). As illustrated in Figure 2, rows of fasteners are
represented by fastener shear elements in the structural joint idealization.

In order to determine individual tastener loads accurately, it is important to account for the contribution of each
fastener to joint flexibility, This contribution is dependent upon fastener stitfness, joint member stiffness, and load
eccentricity. Joint flexibilities, which are obtained experimentally from load-deflection tests upon single fastener
specimens, are required for the analysis. In metals, this type of data is avallable for a wide variety of fasteners, sheet
materials and thicknesses (€). In composites, however, this data is not as prevalent and is usually generated on a “need"
basis for ic conditions, When data Is not available, it is common to obtain estimates of composite joint fiexibility
by comparison to existing isotropic metal data or by calculations using formulas developed for thin sheet metals (3,7),
An extensive experimental investigstion was performed by Huth (111} to determine the fastener flexibility for a wide
range of joints of practical interest, A formula for predicting load transter in multiple-row joints based on fastener
flexibility was derived from test results. It can be used with a variety of fastener systerns and joint materials which
include graphite/epoxy systems to linprove the prediction of stress and fatigue performance in mechanically fastened
joints.

23 Eifect of Friction on Bolted Joint Load Distribution

The effect ot friction is commonly ignored in the analytical work published in the literature. Friction between
plate surfaces can, however, significantly atfect joint bolt load distribution. Experimental work by Wittmeyer and
Smode (8) and the survey report by Munse (9) both indicate that the clamp-up force resulting from bolt tightening
relieves the joint load transmitted by fastener shear. However, in most design situations, this beneficial effect of
friction in relieving fastener load Is conservatively ignored because it is felt that the bolt torque cannot be maintained
d}n tc; :: viscoelastic property of resin-based laminates which allows bolt clamp-up relaration (108) to occur during the
lite o structure.

In fatigue tests using aluminium single-shear dog-bone specimens with steel Huck civets, Hooson and Baker (10)
reported that failures of specimens occurred not at the fastener hole where the stress concentration is highest. but
outside the region of peak clamp-up pressure between plates, Significant fretting was cbserved in the region of failure.
This observation led to the belief that failure was the result of the propagation of cracks which were initiated by a
fretting mechanism,

In compoaites, this contact problem in the faying plate surfaces Is further complicated by the fact that the
behaviour of friction and wear is a function of varying fiber orientations with respect to the sliding direction. Sung and
Suh (11) measured the friction coefficient and wear volume of coinposites as a function of sliding distance for three
ditferent fiber orlentations, perpendicular, transverse and longitudinal to the sliding direction "&ee Figure 3). As
illustrated in "igure #, which presents their results for graphite epoxy composite (Thornel 300/SP-238), both wear and
friction coefficients were a ininimum when the tiber orientation was normal to the sliding surface, and both wear and
friction coefficients were a maximum when the aliding was transverse to the fiber axis. Different failure nodes for
ditferent fiber orientations with respect to sliding direction were observed in their experiments (Figure 3).

Sandifer (106) investigated the effect of fretting fatigie on graphiin/epoxy composites and found that fretting has
no significant effect on the fatigue life of graphite/epoxy material when fretted against aluminium, titanium, or
graphite/epoxy of the same type. Fatigue life was actually found to be increased by a factor of four under tension-
tension cyclic loading due to the clamping of the fretting pad in the test section of the unnotched specimen. It was
noted that, during cycling testing, the specimens began to delaminate in the thickness plane between the grips and
clamped pads, However, such delamination never occurred in the clamped regions. This observation led to the
conclusion that the pads act as a stabilizing point holding the plies together and thus a longer fatigue life is achieved.
Sandifer further mentioned that the application of a common test technique where buckiing guides or stabilizing fixtures
are imounted at specimen mid-point m .y lead to non -conservative fatigue life results.

The etfect of triction in the faying plate surfaces can be included in the stress analysis if the Ltamping is known.
Both finite ditference and finite element inethods have been applied successtully in calcu'ating the clamnp-up pressure for
isotropic plates (12, 13, 18). A typical idealization of a bolted joint used to determite the contact pressure between
plates is illustrated in Figure 3. The effacts of clanping pressure and lateral constraint were investigatad
experiinentally by Stockdale and Matthews (15) on glass/epoxy and by Collings (16) on carbon/epoxy. It was concluded
that increasing the bolt torque increases the bearing .trength. Semi-empirical equations, which account for friction
effects and lateral constraints at the bolt hole, were establi b;' Collings (17) to predict bearing strength and failure
node of carbon fiber-reinforced plastics.

The through-thickness effects for a nulti-ovientation laminate as a result of fastener/piate interaction are very
complicated because the coefficlent of friction varies through the thickness, from ply to ply, at the edge of the hale.
Also, under compressive and frictional iouding, complicated failure modes, such as fibers debonding fron matrix and
fiber buckling, are encountered. To treat these effects analytically, three diinensionsl methods and suitable fallure
Criteria are required.

2.4 Detalied Stress Analysis and Static Strength Prediction

The detalled stress or strain distribation in the vicinity of the loaded bolt hole in & composite joint is determined by
means of finite eleinen: methods, elastic mlsotmﬁlc analysis based on complex varlable formulation and fracture
mechanics analysis. The prediction of static strength and failure inode is accomplished by the application of anisotropic
material fallure critecia based on unidirectional laminate properties,
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‘= The failure of a compoaite laminate is assessed on a ply-by-ply basis. At the edge st he (astener hole where a high

z stress concentration is present, s th prediction is based on stresses at a "characteri itiv dimension® from the edge of
e the hole (18). In this wey, the non-linear material behaviour in the region immediatelv surrounding the fastener hola is
e avolded, This Apg:uch. as lllustrated in FI(&:. Mas been commonly applied in the failure anal of composite bulted
o joints (19,20). establishment of the acteristic dimension® is based on experimantal data obtained by test
procedures discussed in References 19-21.

Fallure modes in composite bolted joints can be very complex and quite different from those of mutal joinis
. because composites exhibit anisotropic properties, lack of ductility and inherent interlaminsr weakness. Various failure
{ nodes for composite bolted joints are illustrated in Figure 7. Many fallure criteria have been developed assentially by
mod!fying isotropic criveria to allow for anisotropic effects in predicting these failure modes and strengths of composite
bolted joints, in developing these tailure criteria, sufticient arbitrary parameters are introduced so that variour failure

modes Cain be incorporated.

24,1 Static strength fallkre criteria

Sandhu (22) published & survey of failure criteria for anisotropic materials in 1972, He broedly categorized these
criteria according to their capability to account for tailure mode interactions, Failure criteria that do aot account for
failure mode interactions include maximum stress (23), maximu'a strain (24), and manimum shear criterla (29). In
applying these criteria, failure is precipitated when any one of she longitudinal, transverss, and shear stresses/strains
. exceed the material limits determined by tests. In the other category of failure criteria where failure mode interactions
’ are accounted for, expressions mainly of a quadratic form that yield a simooth and continuous quadratic fallure envelope

in each load quadrant, are included. Tha expressions are eicher generalizations of Von ‘Mises' criterion, such as those
. developed by Hill (26), Tsal (27) and Hottman (28), or have Leen developed explicitly L1 quadratic form using the stress
§ tensor approach which satisties the invariant requirements for coordinate transformation, suct. as the Tsal-Wu criterion

(29). Tennyson (30) adopted the cubic form of the strnas tensor polynomial criterion to rredict failure strength of
graphite/epoxy under biaxial loads and obtained more accurate predictions than with the quadratic form, Experimental

ures required to obtain these parameters for various failure criteria are discussed in FLeference 31,

24,2 Static strength prediction based on fracture rechanics

Eisenmann (32) established a bolted joirt static strength prediction model based on fracture mechanics for
composite materials, The failure criterion is:

i
K K:)

where K: Is the Mode 1 stress intensity factor at location i on the fastener hole boundary and Ky, is the corresponding

ot - . ar— o—— At——

fracture m’m This tracture mechanics concept is similar to the "characteristic dimension® concept of Whitney and
Nulsmer (13) except that the characteristic dimension, ai, is taken as the length of a through crack extending radially
outward from location i on the hole boundary. The determination of ai is based on laminate strength and fracture
toughness obtained by tests discussed in Reference 33, Eight potential crack initiation positions on the hole boundary
(i28) are selected based on an examination of many failed joint test specimens. Values of laminate tensile strength and
Viode | fracture toughness at these locations are determined by tests using tensile coupons and edge-notched beam
speciinens fahricated in a manner such that they represent laminate properties in the direction tangential to the hole
boundary. Once :he laminate tensile strength and Mode | fracture toughness hav> been determined, the characteristic
dimenaion, al, can be calculated for each of the eight selected locations by the following equation:

K\’
ol e
bl "ulli

The established dimension, al, is then used to calculate the Mode 1 stress intensity at each of the eight iocations and for
each of the five specitic load cases that consist of the tension loads in the X and Y directions, the bolt bearing loads in
the X and Y directions and the shear loads, as illustrated in Figure 8 for location i = 2, The Mode [ stress intensity factor
for the general load case at location i is obtained by adopting linear superposition of all tive Mode 1 stress intensity
factors for specific load cases.

The validity of this fracture mechanics model has been veritied by successful correlation of experimental results.
Experiinental data consisting of measured failure loads and observed failure locations from a series of forty-eight static
tensile tests were used (32). The application of this model, however, is limited by the requirement of an extenilve data
base and is only valid for tensile strength predictions,

24.3 Static strength prediction uing finite element method

H The two dimenaional finite slemant model is by far the most common method in composite mechanically fastened
joint analysis (34-49), The major limitation of two dimensional analyses is that thre> dimsnsional effects, such as
i thickness defnrmation related to bearing failures, interlaminar shear resulting from ply-to-ply . placement
: incompatibilities, through-the-thickness friction effects between the fastener and the » and latezal constraint at the
fastener hole as a resuit of clainping of washer and nut face on the plates that are joined together, are not accounted
for. However, in most design situations, two-dimensional methods are chosen over three-dimansional ones because of
thelr relative simplicity and economy,

A two-dimensional finite element method solution predicting boited joint strength was published by Waszczak and
Cruse (34) in 1971, A cosine-distributed radial pressure acting along the semi-circular boundary was used to simulate the
load from a rigid anrd frictionless pin. Orthotiopic laminates, which were mid-plane symmetric, were considered. The
maximum stress criterion, the maximum scraln criterion and the Tsai-Hill distortional energy failure criterion were
applied to predict tie laminate lailure strength and fallure mode. For cases where lay-ups were +83°% this analysis
resulted in failure strength predictions which were 50% conservative.

Chang et al. (33, 36) investigated the same problem using similar techniques. Improved correlations in failure
strength and failure mode with experimental results were obtained by adopting the Yamada-Sun shear strength fallure

L
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criterion (377 in conjunction ﬂw failure hypothesis (36) that predicts failure based on stresses at a
characteristic distance from the interface in order to minimiae three-dimensional effects. Wong and Matthews
(33) used the FINEL code to calculate the straine at the pin-loaded holes of mid-plane symmetric and balanced laminates.
The layers of a laminate were treated as being homageneous and orthotropic. One half of the joint was modelied bared
on symmaetry, The load applied by the pin was represented by a ainusoidally distributed pressure a3 well as by & uniform
vertical displacement at the hole y on the !saded side of the hole. Only insignificant differences were found
:m:‘cn‘. :;n two techniques of pin loac representation. Experimental correla.'ons of results ate included in the
ves .

An alternative technique to simulate the frictionless rigid g.n joint is to ngply zero radial displacernents along the
semi-circular boundary and to apply force at the far end (39,81,02). Agarwal (39) used this technique and the NASTRAN
cade tu determine the strees distribution around the fastener hole of a double-shear boit bearing men. The
composite plate, which was assumad to be orthotropic and mid-plane symmetric, was idealized by 288 CQOMEMI
elements which are isoparametric. membrane element .. :d do not include any bending. The plate was assumed to be
syminetric about the X axis anct only half of the plate was modelled (see Piguwre 9% The Grimes-Whitney (maximum
strain) first ply fallure criterion (40) was applied to predict the unnotched laminate strength and the Whitney-Nuismer
a stress criterion (19,20) was applied to ct the mechanically fastensd joint strength and fallure mode. Soni
(1) used the same NASTRAN code and the y conditions but adopted the Tsai-Wu tensor polynomial failure
criterion (29) for the strenych analysis of pin-loaded plate. The ultimate laminate failure strength was based o the last
ply failure strass. The rrsults obtained by both investigations were consarvative by a factor of two for lay-ups which
were predominately $45° when compared with exparimental results.

York et al. (42) :sed the Structural Analysis Program SAP V and the modified "point stress” failure criterion (43) to
predict the net tension strength of composite mechanically fastened joints, Application of the modified "point stress®
failure criterion requires the empirical determination of two notch sensitivity parameters, ro and ¢, for a particular
material systemn laminate configuration, Accurate strength predictions were achieved based on experimental net
turlon strength duta for Hercules AS/3501-§ graphite/epoxy with & laminate configuration of (43/0/-43/02/~
43/0/83/02/90);.

Craws ot al. i¥%) presented another technique to simulate irictionless pin loading in their twe.dirnensional finite
element anal where the pin was also modelled. The pir; was loaded at its center was connecteid to the laminate
by short, stiff spring elements which had no transverse stiffness and as a result they transferred oudy radial loads and
thereby oroduced the desired frictionless interface, An itecative procedure was adopted to Jutermine the contact
boundary between the pin and the hole. When a spring was computed to have a tensile force, its radial stifiness was set
to zery and the analysis was repeated until convergence was reached. S:iress concentration juctors, based on nominal
bearing stress, for finite size orthotropic laminates of different lay-ups and geometries were sstablished using this
analytical technique.

The adove methods ignore the eftects of friction aid the length of contact of the fastener wit)s the ooundary of the
nole in the Jaminate, Oplinger (83,46) adopted an accurate treatnent of boundary cunditions ar the fastener hole by
maodelling fastener/plate interactions in his finite element analytis, This treatment lnvolves the use of a displacement
boundary condition to represent the effect of the fastener moving against the hole boundary. The use of displacement
conditions in the contact region leads to successful modelling of changes in contact iength with inc:essi. § by-pass load, a
condition which exists in a complex joint with rultiple rows af fasteners. The analviicai result. showing the effect of
triction on radial and shear stress distril- tions around the tastener hole are giver in Figure 10, A departure from the
commonly assurned half-cosine radial stresa distribution as a result of friction is roted in Figur: 10,

Wilkinson ot al. (47) used an incremental finite element method to decermine the stresses and strains around pin-
loaded holes in orthotropic plates. The numerical solution provided hv the analysis a.counts for friction along the
contact surface between the pin, which is assumed rigid, and the plate, and determines the region of slip and nonslip.
This analytical method was later exterded to provide nunerical solntions for multiple-iolted joints {(§3). The etftects ot
variations in friction, malerial properties, load distribution among the bolts and bolt/plate contact were considered. A
condition of nonslip existed at a point on the hole boundary if

uo, 2 r..

where 4= coefficient of friction, @, = radial stress, and 7, = vangential shear stress. An incremental loading with an

iterative procedure was performed to obtain the results at the final specified load level. The effec: of friction on the
radial stress between the bolt and the contacting hole boundary of a wooden joint obtained trom Reference 48 is
presented in Figure 11. This figure shows that (r.3 total absence of friction (i = 0) allows the relatively low modulus
wood to "wrap® around the rigid pin and theret disiribute the pressure more evenly. For stiffer orthotropic materials,
such as glass compoasite, a in the contact coefficient of friction from g = G.7 to g = 0.4 has little ctfect on the
radial stress on the boundary of the hole (F.gure 12). However, this relative ineensitivity of the stress distribution as
shown in Figure 12 to moderate changes in triction is fortuitous since, even at a fixed position sround a loaded pin, the
coefficient of friction for a stacked fiber-reinforced laminate could vary from ply to ply depending on the particular
ply's orientation relative to that of the pin in the contact region. The treatment of the through-the-thickness friction
effect requires very complicated three-dimensional analysis, No work has been published in this area.

The effects of pin elasticity, clearance, and friction on the stress distributions around in hole in a pin loaded
urthotropic 'phte(m investigated by Hyer and Kiang (112). Numerical results, computed by using two-dimensional
techni or & 3 3 tef laminate, indicated that pin elasticity does not ha significant effect
strems :::rlwtlm 4 &"ﬂmﬂ:’lm the arc of contact :d the rldlayl stress. As a"mul. t ‘o?.c rvdm:tde lrc?:nl
contact due to lwcreased clearance, the radial stress was found to be higher. The effect of triction was found to

decrease the bearing stress and inCrease the hoop stress. Both the no-slip region and the contact angle were found to
increase with friction.

In a two-dimensional, elasto-plastic tinite element analysis, Tsujimoto and Wilson (113) investigated the effect of
including frictional forces along the fastener hole interface on the strength of composite boited joints. It was found that
for a conventional graphite/epoxy material, the net tonsile failure is relatively insensitive to friction effects while
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bearing and shearout failures are sensitive. The failure strength for the bearing and the shearout mode was found to
increase when the coefficient of {riction Is increased. However, when comparing predicted results with exparimental
results, a condition of no friction gave the best correlation. Therefure this condition was used in subsequent elasts-
plastic analysis. The special capability of this incremental elasto-plastic analysis is that it provides the detalls of the

damage on and employs a cumulative concept to predict failute. In a separate report, Wilson and
Taujimoto (114) presented a damage mapping study mad by using a laminate deply technique developed by Freeman
(119). After a quasi-isotroplc laminate was loadnd to ultimate tensile strength by & pin In a double lap joint, it was

deplied and the damage was documented photographically. The damage maps determined in this way were found to
correlate well in & qualitative sense with thoew predicted using the elasto-plastic analysis. The development of
quantitative failure criteria based on damage tnechanics it being pursued by exploiting the present capability of the
elasto-plastic mode! in an extension of the research described in Reference 113,

In order to predict bearing and delamination failute and to account for the effect of clamping pressure created by
bolt torque in composite mechanically fastened joints, the distribution of stresses around the loaded hole in theee
directions hus to be evaluated. Matthews ot al. (49 performed a three-dimensional finite element analysis on a single
composite bolted joint by using & new alement detived from a standard 20-noded, isoparametric brick' element. This
modified alement can represent sevecal layers of the compoaite without serious loss of accuracy. The results for three
clamping cases were discussed: (1) Pin-loaded hole case where lateral constraint is excluded; (2) finger-tight washer
case where lateral constraint is provided; and (3) bolted joint case where a compressive displacement to all the surface
nodes under the washer is imposed. The effect of friction was ignored in the analysis. 1t was observed that when the
laminate is loaded via a bolt with finger-tight washers, the most noticeable change from the pin-loaded case is a
reduction of the through-the-thickness tensile stress. This observation was consistent with the increase in failure load
obtained experimentally. For the bolt inading with a fully clamped washer, a significant increase in the direct stress,
Oz, » under the washer and the interlaminar shear stress, 0;x , &t the edge of the washer in the outer plies, was
noticed. Again this is consistent with experimental results where failure was found to occur by delamination at the
washer edge. A suitable fa.lure criterion has not been combined with the stress analysis to predict the actual failure
loads and failure modes.

2.8.8  Static strength prediction using elastic anisotropic analysis

Tivse methods are principally formulated from two-dimensional anisotropic elasticity theory (30). In these
inethai, the stress distributions around a hole in an infinite orthotropic laminate are determined and various ways of
coreecling these stresses for finite laminate widths and lenﬂths have been applied (31,52). There are two common
techniques of modelling fastener radlal load distributions: (1) a radial stress boundary condition varying in a cosine
Sistribution (52,33,35% and (2) a radial displacement boundary condition co:responding to rigid displacements of the
fastenec coupled with a solution of the associated contact problem (53,59). In most cases, fastener frictional shear
forces at the hole boundary have been ignored.

Waszczak and Cruse (3)) solved the problem of an infinite anisotropic plate containing a circular cut-out. The
plate was loaded by the bolt load, which was represented by a cusine distridution of normatl strass and was subjected to a
uniform stress field caused by tension loads applied at two far ends of the plate, The method of superposition was used
to generate the solution to the problem of interest by combining two infinite plate solutions. One case contained the
bolt loading ouly while the other case contained the tension loading only, A series solution based on the theory of
anisotropic elasticity was derived for the bolt loading case. The solution to the case of a plate with a hole under tension
loading was obtaired from Reference 34, Both infinite plate soiutions for the two cases were corrected for the effects
of finite secimen size using anisotropic correction factors gererated by Boundary Integral Equation methods (51) peior
to their superposition. Pin/plate interaction was assumed to be frictionless. It was note; that the use of correction
factors %o modity the infinite plate solutions produced a stress tield which no longer strictly satisfies overall equilibrium
requirenents.

The maximum stress, the maximum strain and rhe Tsai-Hill criteria were considercd for static joint strength
pre dictions based on a first ply failure hypothesis. Torservative predictions of failure loads were obtained. The degree
of conservatisry was found to be a function of specimen lay-ups varying from 2% for a (0g/,45°5) bor xy laminate
ta 33% for a ($45°) boron-gpoxy laminate where largze shear deformation occurred. cfion of failuce qocnlons was
found to be sutisfactory,

De Jung (52) presented a solution of the stress distribut:on around a pin loaded hole in an orthotropic plate. The
approach ss2d by De Jong was sivlar to that uied by Waszczak and Cruse (33) except that the normal stresses carrying
over the fzstener loading force on the soundacy of the hole were represented by a sine series where the coefficients of
this ser'es were calculated from the boundary cooditions for the displrceinents of the loaded section at the edge of the
e, Wasrczak and Cruse (53) only used the first term of the cosine series as a stress boundary condition and the
possibility of determining the norraal edse stiesses in rolation to rnaterial properties by means of a displacement
boundary condition was ot expioited. A appecposition technique was then Mbrtod to estimate the stresses in the plates
of finite widths from infinite plate results, The iction of joint sirength by fallure critevia was not invastigated, One
of the conclisions reached by De Jong 'was that although the pin tvis a neat tit In the hole, there is a clearance, resulting
from elastic deformations of the plat: material, not only between the pin and the unluaded side of the hole, but also
between the pin and a smal! region of the loaded side as well,

Garbo and Ogonowski (53,36) developec, a Bolted Joint Stress Fleld Model (BYSPM) which utilizes two-dimensional
elastic anisotropic theory to determine laininate stress distriutions around an unloaded or loaded fastener hole in
orthotropic materials. The principle of elastic superposition was used to obtain laminate stress distributions due to the
cornbined bearing and by-pass icading. Loaded hole analysis was performed by specifying a radial strews boundary
condition varying as a cosine function over half of the hole. The stress solutions obtained are valid for mid-plane
symmstric laminates only. Strain digtributions are calculated using materlal compliance constitutive relations.
Laminate compliance coetficients were derived from classical lamination plate theory (37) with unidirectional material
elastic constants, ply angular orientations, and ply thicknesses. Strains for individual plies along lamina principle
material axes were calculated using coordinate transformations. Finite width effects were accounted for by the
superposition technique adopted by De Jong (32). To minimize the effect of nonlinear material behaviour at the hole
boundary, the "characteristic dimension™ hypothesis of Whitney and Nuismer (18) has been adopted in BISFM. Laminate
failure was predicted by comparing elastic stress distributions with material failure criteria on a ply-by-ply basis.
Various material fallure criteria, such as Tsai-Hill (27), Hoffman (28), Tsai-Wu (29), maximum stress (23), and maximum
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strain (24), were Incorporated in the BJSFM. Anatytical predictions of joint strengtha provided by the BISFM have been
extensively callbrated ugainst experimental results {33,36),

Oplinger and Gandhl (53) presented the results of stress distributions around a hole In a pin loaded crthotropic plate
by using a two-dimensional anisotropic elastic analysis which employed a least boundaty coliocation scheme.
The mode of interaction between the pin and the plaie was described by a radlal displacement bdoundary condition
corresponding to a rigid displacenent of the pin in the region of contact together with a condition of 2ero radial pressure
outside the contact region Iteration techniques were used to solve the non-linear contact boundary conditions of this

em. In a related investigation by Oplinger and Gandhi (39), results are presented which describe the effect of
Coulomb friction between the pin and plate on the radial and shear stress distributions around fastener hole. ' These
results are lllustrated in Figure 10 for friction coefficients ranging from 0 to 0.3, Significant effects of friction on
stress distributions are displayed in Figure 10.

23 Fatigue Life Prediction Methodology

There are basically four methodologles adopted for predicting composite fatigue behaviour, These methodologies

aret (1) empirical corralation, (2) cumulative damage model, (3) residual strength degradation model, and (¥) tensor

ynomial fallure ~riterion. The empirical approach has been extensively applied in fatigue life prediction of

mechanically fastened joints In compasite structures. Only limited experimental verifications of the accuracy of fatigue

life prediction for composite mechanically fastened joints have been carried out for the remaining three inethodologies.
A review of the four fatigue life prediction methodologies i presented in the following:

(1)) Empirical mathods - currnt state-of-the-art fatigue veritication approaches for composite structures employ
spectrum fatigue tests on components/specimens representative of specific design details (60). These empirical inethods
are extensively applied due to a lack of confidence in existing analytical composite fatigue life prediction procedures
which still require more experimental calibration. In all m&m military aircraft that contain extensive composite
contents in their primary and secondary structural components (2.g. B-1, F-13, F-16, F-18, AV-3B), empirical methods
have been used extensively to astess the effects of cyclic loading on composite fatigue lite in order to comply with
various military durability specifications such as MIL-A-3866, MIL-A-3344% and MIL-STD-1530A (61-66). It has been
postulated that sufficient fatigue life can be achieved by composite structures designed to satisty static strength
requirements (63), For the composite wings of the F-13 and the advanced Harrler alrcraft (AV-8B), the maximum design
strain level has been limited by McDonnell Douglas Aircraft Company in the range of 4000 to 5000 um/m, These design
strain levels have been developed to accnmmodate the stress concentration effects of fastener holes and also serve to
provide an inherent damage tolerant structure (63).

Most research and development programs on composite fatigue have also emphasized experimental investigations,
Conclusions and recommendations reached in these studies have based on empirical curves fitted through data.
Generally, physical understanding of the failure mechanism involved is not incl , This makes the extrapolation ot
curves very difticult or even meaningless. Most published fatigue data have been on unnotched laminates or laminates
with an unloaded hole. Relatively little fatigue data exist on composite mechanically fastened joints, Of the existing
data, results are often for specialized specimen design, lay-up, or test conditions (67,68).

(2) Cumulat've damage model - Miner's linear cumulative damage rule is the most commonly applied cumulative
method for analyzing comgo:hes because of its relative simplicity. This method requires only constant amplitude
fatigue data (S-N curves) lor the apnlied stress ratios in the spectrum in order to predict fatigue life. A simplistic
spectrum fatigue life prediction procedure for composites using Miner's rule is illustrated in Figure 13,

There are disagreeme ts reported in the literature regarding the accuracy of the compasite fatigue life prediction
using Miner’s rule. In some cases, it has been reported that Miner's rule is grossly unconservative in predicting lite of
composite materials (£9,70), Others have found it to be an adequate technique for preliminary design studies (71). An
investigation at McDonnell Douglas Aircraft Company (1) has found that Miner's rule is adequate to gauge the severity of
spectra variations.

The large amount of scatter in composite fatigue life may be the main reason for unreliable analytical predictions
that have led to disputable conclusions. One of the major difticulties in developing a composite fatigue life prediction
method is to provide sutficient replicate testing in order to establish statistical scatter factors to account for the
varlability ot composite tatigue life.

(3) Residuai strength degradation model - Yang (72) derived a residuai strength degradation model to predict the
fatigue life of composites. This model was derived based on the assumption that residua: strength Is a monotonically
decreazing function of the applied load cycles. Weibull statistical procedures are used in this model to predict residual
strength and fatigue life. Parameters required in the analysis are derived from static and constant amplitude fatigue (S-
N curves) test data. Once these parameters are derived, probability of survival curves can be generated. The major
limitation of this approach is in the basic assumption of continuously decreasing residual strength which makes the model
hu:gc o((n.ccom). ting for initial strength increases that have been observed in many investigations on fatigue of
composites

() Tensor polynomial fallure criterion - Tennyson et al. (30) have extended the application of the tensor
polynownial failure criterion from static strength prediction to the fatigue life prediction of composite laminates. Uniike
static atr-\&t)h parameters, the fatigue stwth parameters are not constants, but rather are functions of the fre¢ ency
of ioading (n), the numbaer of cycles (N) the stress ratio R = Omin/ gmax, l.e. F = F(n,N,R). *Fatigue funciions"
required to predict the fatigue life of a laminate under uniaxial tension and compression cyclic loading conditions with
constant frequency and R ratio have been established for the plane stress condition and implemented into a quadratic
formulation of the tensor polynomial failure criterion (30). fatl functions were established based on results
from tension and compression tests In both the fiber (1) and transverse (2} directions, as well as pure shear in the -2
plane, Applications of this model to predict fatigue life of “flawed" and “untlawed" graphite/epoxy laminates for
uniaxial load cases in hot/wet environments with thermal-spike cycles were attempted and some encouraging results
were reported (30). Current work involwes applying this model to predict the fatigue life of graphite/epoxy laminates
under r:\ldom FALSTAFF loading conditions, Some experimental data using a ‘our point bu\gln; specimen have been
generated.
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Rotem (78) has established a general fatigue failure criterion also based on experimentally determined "fatigue
iunctions” for multidirectionasi laminates. "Fatigue functions" that account for delamination have also been developed,

;T;\’e) etfect of temperature ls accounted for by experimentally determined "shifting factors" for the “fatigue functions®

Presently, it is uncertain which methodologies provide the most reliable predictions, and under what conditions
they are rellable. Thus it is important for the reliability aspects of the fatigue prediction methodologies discussed
earlier to be evaluated. Untii this Is complete, it remains a difficult task for designers or researchers to select a
;nethodology than can provide retiable fatigue life predictions under their specifi: requirements and conditions of
nterest,

3.0 EXPERIMENTAL INVESTIGATIONS

In the process of preparing this review, it was observed that the majority of the published work on ~omposite
mechanically fastened joints included comparisons of experimental results. This is mainly due to the fact that
experimer:tal investigations are often required to characterize the complicated behaviour of composite mechanically
fastened joints which cannot be treated solely by the analytical methodologies described in the previous section.

State-of - the-art empirical apptoaciies in composite joint strength analysis represent an alternative, often vegarded
as an expensive one, to the detailed stress distribution analysis described in the previous secticn. Through tests on design
oriented composite specimens, the failure strangth of a specitic mechanically fastened jolnt as influenced by parameters
such as geometry, lay-up, percent of load transferred in joint through bearing and by-pass etc., is assessed. However, it
is obvious, in view of the very large number of variables involved, and their effect on each other, that a complete
characterization of a general joint behaviour is impractical. Rather, the current approach is to determine as thoroughly
as possible the behaviour of a few basic joints in a limited number of material systems and to hopefully infer the
influence of the more important parameters irom which the behaviour of other joints and mate~ials can be predicted by
empirical design methuds, Hart-Smith's work is an example of a comprehensive experimental investigation of some
mechanically fastened joints In graphite/epoxy composites where experimental results were generated to establish
empirical formulae and design-analysis procedures (76).

Experimental resilts are also generated in order to complement/verify analytical results obtained by methodologies
described in the previous section, The advantage of this is that once an analytical methodology has been wel! calibrated
against experimental results, it can be used to predict composite mechanically fastened joint strengths and thus reduce
the high cost of experiisental assessment in new design applications.

In the following sub-sections, experimental results and conclusions obtained from published literature relating to
the effects of various parameters on composite mechanically fastened joints arc presented and discussed. For
convenience, the parameters are arbitrarily divided into three groups:

(1) Material parameters: fiber type and form (unidirectional, wrven fabric etc.), resin type, fiber orientation and
stacking sequence,

(2) Fastener parameters: fastener type, fastener size, clamping force, washer size, hole size, and tolerance.

(3) Design parameters: joint type, laminate thickness, geometry (pitch, edge distance, hole pattern, etc.) load
direction, load mode (static or ¢yclic), and failure definition.

3.1 Material Parameters

Fibrous composites, in most secondary and primary aeronautical applications, are gener=ily manufactured by
stacking layers of prepreg consisting of reinforcing fibers embedded in a resin matrix. Graphite, Kevlar or glass fibers
and epoxy resins are common ingredients used in producing laminates. The reinforcing fibers are arranged in either
unidirectional or woven format in a single ply of prepreg where they are saturated with resin inaterial. This resin matrix
serves to bind the fibers together and transfer loads to the fibers.

The mechanical behaviour and fallure mode of composite mechanically fastened joints are dependent upon the
orientation and stacking sequence of plies in the laminates. In their work on unloaded hecles in laminates, Rybicki and
Schmuerer (79), and Pagano and Pipes (80) demonstrated that the stacking sequence of plies atfects the interlamirar
normal and shear stresses around the unloaded hole and hence, by inference, the strength of a loaded hole in a composite
mechanically fastened joint. In order to reduce these matrix stresses which are responsible for delamination at the
fastener hole or other free edges, it is important to intersperse the ply orientations thoroughly in the laminates such that
the number of parallel adjacent plies are minimized (76),

The effect of stacking sequence on the bearing strength of composite bolted joints was investigated experimentally
by Garbo and Ogonowski (56) and Ramkumar and Tossavainen (77) by grouping plies with the same fiber orientation
together in the laminates. Both groups of investigators found that the bearing strength decreased when the percentage
of the parallel adjacent plies with the same fiber orientation was increased. Quinn and Matthews (78) investigated the
effect of stacking sequence in glass fiber-reinforced plastics. They showed that placing 90° plies perpendicular to the
load direction at or near the surface iinproved the pin bearing strength.

The ~ffect of orientation of plies or lay-up on the bearing strength of composite mechanically fastened joints has
be=n invest gated by several authors. Collins (31), whose work covers bolted joints in graphite/epoxy cumposites,
concluded tnat for optimum bearing properties, more than 35% but less than 80% of 0° plies &.e. parallel to the load) are
required, the balance being made up of +43° plies to provide transverse integrity to the composite bolted joint. He also
concluded that optimum tensile properties were obtained when the ratio of 0° to 45° plies was 2:1 whilst optimum shear
strengths required a ratio of (:1. Matthews et al. (83) performed tests on composite riveted joints and concluded that
the bearing strength is significantly higher for the 0°/+45° lay-up than for the 90°/+45% lay-up,

Ramkumar and Tossavainen (77) investigated the etfect of lay-up on the strength of laminates that were bolted to
metallic plates using a single fastener, They tested laminates that were fabricated using nonwoven AS1/3501-6
graphite/epoxy material with lay-ups that ranged from a fiber-dominated lay-up to a natrix-dominated lay-up. They
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found that, under compression loading, the failure strain increased with an increase In the percentage of +45°* plies while
the gross compressive strength and ing strangth decreased with an increase of the percentage +43° plies. Their
compression test results and tension test results are presented in Figure 18 and 15 respectively. They observad that the
tailure mode changed from the shear-out mode to local bearing fallure mode when the percentage of +45° plies was
increased from 80% to 60% under tension loading. However, under compression loading, they found that failure mode
was insensitive to lay-up and specimens tested always failed in the local bearing mode.

The mode of failure is also influenced by joint grometry. This aspect will be discussed in sub-section 3.3,

It is recognized that # high stress concentration factor exists at the fastener hole of a composite mechanically
fastened joint, Berg (83) emphasized that because most composiie materials are incapable of yielding, local load
redistribution at the fastener hule can only be achleved by fit - fracture, The distribution of stresses at the fastener
hole is influenced by the lay-up of the laminates, Collings (84) suggested the inclusion of +43° plies In order to reduce
the stress concentration at the fastener hole,

Hybrid laminates can alss be used to reduce the sensitivity to stress concentration. Hart-Smith (76) replaced some
of the graphite fibers which were aligned with the load direction with S-glass fibers. Mechanically fastened joint
specimens fabricated from these glass/graphite hybrid iaminates were consistently as strong or stronger than the
equivalent all-graphite spacimens when tested under tension loading. However, because of a lower modulus for the glass
fibers with respect to the graphite fibers, the stabilization of compressively loaded joint specimens was found to be a
problem. The failure mode of the glass/graphite was almost exclusively associated with local bearing failures rather
than the potentially catastrophic tension-through-the-hole tailure which was common for many of the all-graphite
specimens.

The experimental results discussed here are essentially hased on conventional material systems composed of
graphite fibers of moderate modulus and first generation brittle resin materials (The classification of resin materials is
according to Johnston (35)), Advanced composite material systems composed of high strain graphite fibers and second
generation tough resin materlals are now being manufactured by the composites industry. A survey was conducted by
Canadair Ltd.u?“) on the types of advanced material systems which are being examined by the aeronautical industry for
the next generation of alrcraft, As indicated by the survey report of Canadair Ltd., the tensile strengths and the
compressive strengths of the advanced composite materials are significantly higher, by as much as 37% and 22%
respectively, relative to those of the conventional baseline systems. The most important improvement of the rewer
composites over the conventional composites appears to be the post-impact performance. Unfortunately, there is no
mechanically fastened joint data available currently in the published literature for these newer material systems.

3.2 Fastener Parameters

Many types of fastener are used in aerospace manutacturing. Some common types are screws, rivets and bolts.
Each type of fasteners can be offered in a wide variety of dimensions, configurations and materials. The salection of
fasteners depends on the type of applications. In general, screws give the lowest load-carrying capacity and tend to be
of little use in a prirary structural role. Both rivets and bolts offer adequate strength in composite joints for medium to
high load transfer applications.

In composite structure, some parameters which affect the selection of fasteners are edge and side distances, hole
diameter, laminate thickness, fiber orieitation, laminate stacking sequence, and the type of materlal systems being used.
For example, composite laminate thickness, material and location in an airframe structure are factors to be considered
in determining whether a blind or two-piece fastener is selected. If the material stack-up has a thin top sheet, the hole
countersink configuration and the head configuration of the fastener become important coneiderations.

Composite naterials pose special problems for mechanical fastening because of their peculiar properties, In their
survey report on fasteners for composite structures (38), Cole et al. identified four primar; problems: (1) galvanic
corrosion; (2) galling; (3) installation damage; and (4) low pull-through strength. The nature of these problems and the
design of fasteners to circumvent them are discussed below:

(1)  Galvanic corrosion: the basic force of the galvanic corrosion reaction is the difference in electrode potential
between the graphite fibers and the metals. The less noble metals may corrode wher: mechanically fastened to graphite
fiber composites. One solution is to ccver the fastener with a protective coating. Prince (37) performed a comparison of
the effectiveness of ditferent coatings to protect against galvanic corrosion. He concluded that, when flawed, coatings
are inadequate to provide protection against corrosion.

A more effective solution to the corrosion problem is to select compatible materials for the fasteners. For this
purpose, a galvanic compatibility chart, shown in Figure 16, Is used. This chart ranks nobility, or resistance to galvanic
corrosion of fastener metals in a graphite based composite. Titanium is one of the most noble metals, and so titanium
and titanium alloys offer excellent corrosion resistance when used with graphite composite,

A special composite fastener, made of both graphite/polyimide and glass/epoxy composites, has been developed to
provide total compatibility, low weight, and low cost (88), The most serious disadvantage of this type of fastener is the
lack of reliability of the adhesive bond which holds the two-piece fastener together,

(2) Galling - Galling problems are encountered when nuts fabricated with either titanium or A286 CRES steel are
used with titanium bolts, such as the corhmon Hi-Lok system (88). A lock-up situation occurs during installation prior to
the development of the desired preload/ McDonnell-Douglas has successfully eliminated this problem in the F-18 and
AV.-8B programs by applying suitable lubricants (88). Galling problems were also encountered in the Lockheed L1011
Advanced Composite Vertical Fin program. The solution was to use stainless steel nuts (Type 303) to replace A286 CRES
steel or titanium nuts (88). Other solutions to the galling problem include the use of free running nuts, as in the Eddie
Bolt system, and swaged collar fasteners such as the Groove Proportional Lockbolt (GPL) made by Huck Manufacturing
Company.

(3) Installation damage: the procedure for installation of fasteners in metallic structures often uses high preload

and interference-fit to obtain strength and durability improvements in the joint. Experience has shown that using the
same fasteners and procedures in composite structures can produce unacceptable damage. Before the installation of
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